The fossil record of continental vertebrates is as good as that of echinoderms at the family level, as shown by tests of the match of cladistic and stratigraphic data and of relative completeness. If echinoderms and vertebrates are typical of their environments, the continental fossil record is not worse than the marine, despite the fact that, at a local level, fossils are usually more abundant in marine sequences than in continental successions. The explanation of this paradox may be that vertebrates have attracted more intensive study than echinoderms, and thus the level of knowledge of their fossil record is some decades ahead of that of echinoderms. This finding validates the use of different kinds of fossil data in broad-scale phylogenetic studies.
INTRODUCTION
It has often been asserted that the fossil record of marine shelf benthic organisms is better than that of continental organisms (Benton, 1985; Flessa, 1990; Jablonski, 1991; Raup, 1979; Valentine, 1969) . This assumption has been made by scaling up field observations on Phanerozoic rocks. Typically, limestones and clastic rocks laid down on the shallow continental shelf yield abundant fossils of skeletonized invertebrates, such as brachiopods, molluscs, corals, arthropods, bryozoans, and echinoderms (Fürsich, 1990; Kidwell, 1986) . Continental sedimentary sequences generally yield less abundant faunas of freshwater fishes and molluscs, terrestrial insects, and vertebrates (Behrensmeyer and Hill, 1980; Retallack, 1984) . This differentiation may largely be an effect of the nature of the sediments: sedimentation in river systems and lakes is highly episodic compared to the more continuous deposition on marine shelves and particularly in abyssal areas of oceans (Sadler, 1981) .
We test here the idea that groups of organisms known from a rich supply of fossils in the field necessarily have a fuller and better-documented picture of large-scale phylogeny than groups represented by sparse fossil materials. The test groups were echinoderms (marine invertebrates) and tetrapods (continental vertebrates). These groups were selected for comparison because there is a sufficient number of cladograms available for each and because both groups consist of multielement taxa, the skeletons of which may be preserved completely or may break up before burial.
TESTING THE QUALITY OF THE FOSSIL RECORD
The quality of the long-term global-scale fossil record may be tested by comparison of (1) the order of origin of groups from the stratigraphic record with the order of branching as indicated by phylogenetic data, and (2) the relative completeness of fossil records based on independent evidence for the size of gaps.
The test of stratigraphic (age) and phylogenetic (clade) evidence about the origins of groups (Norell, 1992 (Norell, , 1993 Novacek, 1992a, 1992b) consists of comparing the rank order of nodes on a published cladogram (Fig. 1, A and B) with the rank order of group appearances as documented in the paleontological literature (Fig. 1C) . The match of clade and age data is assessed by the Spearman rank correlation (SRC) test.
This approach depends upon the observation that there are three essentially independent methods of disentangling the sequence of events in the history of life: (1) the order of fossils in the rocks (stratigraphic data); (2) cladograms, based generally on assessments of the sequence of acquisition of morphological characters; and (3) molecular phylogenies, founded on sequencing of nucleic acids or proteins, or on DNA-DNA hybridization. If it is accepted that these three approaches, stratigraphic, cladistic, and molecular, are essentially independent, then mutual cross testing should be possible. The comparison tests do not assume that any one technique is better than another: they merely compare the matching and assume that, if a large enough sample is used, the results will have statistical validity. Equivalent tests are available (Huelsenbeck, 1994) to test the quality of cladograms against stratigraphic data.
Comparative studies (Benton, 1994 (Benton, , 1995 Benton and Storrs, 1994, 1995; Gauthier et al., 1988; Norell, 1992 Norell, , 1993 Novacek, 1992a, 1992b) have shown a good match between cladistic branching order and the order of first fossil representatives for 55%-73% of cladograms of vertebrates. A first attempt is made here to extend the tests to cladograms of nonvertebrates.
A sample of 63 cladograms and molecular phylogenies of echinoderms was tested for fossil-record quality (Table 1) . Data for 72 listed cladograms of vertebrates have been published (Benton and Storrs, 1994, 1995) . For purposes of comparison, the nine cladograms of marine taxa (Actinopterygii, Gnathostomata, Sarcopterygii, Sauropterygia, Teleostei) were excluded, leaving 63 trees of continental vertebrates. If skeletonized marine shelf invertebrates have a markedly better fossil record than continental animals, then the echinoderm test cases should show more examples of statistically significant rank order correlation than the vertebrates. The results of SRC tests (Fig. 2 , A and B) apparently show the opposite. Fewer echinoderm cladograms (38%) showed significant (P Ͻ 0.05) matching of clade order and age order than did the continental vertebrate cladograms (63%). The same is true for highly significant correlations (P Ͻ 0.01), found in 26% of cases for echinoderms but in 41% of cases for continental vertebrates.
The low pass rate for echinoderm cladograms was surprising, especially in comparison with cladograms of continental vertebrates. This result is almost certainly an artifact of the small size of many of the echinoderm cladograms, 13 (21%) of which include only 4 taxa. Such a small sample size cannot yield critical values for the SRC coefficient (Sprent, 1989) . When the small (n ϭ 4) echinoderm cladograms are excluded, the SRC scores match more closely those discovered for continental vertebrates ( Fig. 2A) , but still show a poorer pass rate than do the cladograms of continental vertebrates.
The SRC test of matching between clade and age order considers only one aspect of the quality of the fossil record. Another crucial feature is the relative completeness of particular examples, and this may be assessed by comparing the proportion of known fossil records to gaps, the relative completeness index (RCI) of Benton and Storrs (1994) (Fig. 1) .
If marine invertebrates have a better fossil record than continental vertebrates, the RCI values for the former should be markedly higher than those for the latter. This does not appear to be the case. The RCI values for echinoderms and vertebrates range from Ϫ5% to 100%, but continental vertebrates have more complete fossil records than do echinoderms (Fig. 2, C Figure 1 . Methods for assessing quality of fossil record by comparing branching order in cladograms (A-C) with stratigraphic data and by comparing relative amount of gap and known record (C). Cladistic rank is determined by counting sequence of primary nodes in cladogram (A). In many cases, published cladograms do not conform to simple pectinate pattern in which all terminal taxa are simple side branches of single main stem. Frequently, there are more complex topologies in which some branches subdivide further (A), or some nodes may be partially unresolved, and give rise to more than one branch. In these cases, cladogram is reduced to pectinate form (B), and groups of taxa that meet main axis at same point are combined and treated as single unit. Stratigraphic sequence of clade appearance is assessed from earliest known fossil representative of sister groups, and clade rank and stratigraphic rank may then be compared (C). Minimum implied gap (MIG, diagonal rule) is difference between age of first representative of lineage and that of its sister, because oldest known fossils of sister groups are rarely of same age. MIG is minimum estimate of stratigraphic gap, as true age of lineage divergence may lie well before oldest known fossil. Relative completeness of fossil record may be assessed by comparing proportion of known range (standard range length, SRL) to ghost range, in form of relative completeness index (RCI), defined as:
Values of RCI range from 0% (MIG ‫؍‬ SRL) to 100% (MIG ‫؍‬ 0). Negative values also occur when MIG > SRL. Single standard source of stratigraphic information (Benton, 1993) has been used throughout our work. and D, 3), although the frequency distributions cannot be distinguished statistically. This surprising discovery matches the findings of the SRC test.
The echinoderm fossil record may seem poorer because the test cladograms are generally smaller (mean number of terminal taxa ϭ 6.3) than are those of continental vertebrates (n ϭ 10.7). It is unclear whether there is a relation between cladogram size and RCI values: for echinoderms there is no correlation, but for vertebrates the RCI value is inversely proportional to cladogram size (P Ͻ 0.01). When smaller echinoderm cladograms (n ϭ 4) were culled from the comparative sets, the distributions of RCI values for both groups still could not be distinguished statistically (Fig. 3) .
CONTINENTAL RECORDS AS GOOD AS MARINE?
These results show that studies of the relative abundance of specimens of different phyla in fossiliferous sites are not a guide to their value in larger scale studies of phylogeny and macroevolution. In marine shelf sites, echinoderm fossils may be immensely abundant, whereas continental vertebrate fossils are typically sparse. Nevertheless, the amount of error inherent in the fossil records of both groups is not significantly different, when assessed on a global scale. The macroevolutionary quality of the fossil record is determined by the number of stratigraphic horizons at which identifiable finds have been made, and improvements can occur only by discovery of new sections.
The surprisingly good quality of the continental vertebrate fossil record may reflect the fact that it has been exploited more intensively than has that of echinoderms. The number of active taxonomists working on tetrapods is much greater than the number studying any invertebrate phylum (Gaston and May, 1992) . Thus, it is probable that a higher proportion of fossilized tetrapod taxa than echinoderm taxa has been identified. This may explain the counterintuitive discovery that continental tetrapods have a better fossil record than echinoderms, but it in no way detracts from that finding. Ultimately, when an equivalent number of hours of study has been devoted to both groups, echinoderms may prove to have a more complete fossil record than continental tetrapods at the family and/or stage level.
The discovery that continental vertebrates have a fossil record of quality equivalent to that of echinoderms, despite enormous differences in local abundance of fossils in both settings, vindicates the value of the fossil record for large-scale studies of phylogeny. Dinosaur fossils may be rare on the ground, but their fossil record is no worse than that of skeletonized marine invertebrates for large-scale studies.
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